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abstract: The body temperature of ectotherms is influenced by 
the interaction of abiotic conditions, morphology, and behavior. Al 
though organisms living in different thermal habitats may exhibit 
morphological plasticity or move from unfavorable locations, there 
are few examples of animals adjusting their thermal properties in 
response to short-term changes in local conditions. Here, we show 
that the intertidal sea star Pisaster ochraceus modulates its thermal 
inertia in response to prior thermal exposure. After exposure to high 
body temperature at low tide, sea stars increase the amount of colder 
than-air fluid in their coelomic cavity when submerged during high 
tide, resulting in a lower body temperature during the subsequent 
low tide. Moreover, this buffering capacity is more effective when 
seawater is cold during the previous high tide. This ability to modify 
the volume of coelomic fluid provides sea stars with a novel ther 
moregulatory "backup" when faced with prolonged exposure to el 
evated aerial temperatures. 
Keywords: body temperature, intertidal ecology, Pisaster ochraceus, 
thermal inertia, thermor?gulation, water temperature. 
Introduction 
The performance and fitness of ectotherms 
are 
profoundly 
influenced by body temperature. Body temperature is de 
termined by the biophysical processes underlying heat ex 
change between 
an organism's body and its environment 
(Gates 1980). Indeed, the morphological and physiological 
properties of an ectotherm act as a biological filter of 
microclimatic conditions and determine, in part, the re 
sulting body temperature (Huey 1991). Consequently, the 
body temperature of 
an ectotherm generally deviates from 
air temperature (Casey 1992; Helmuth 1998), and body 
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temperatures often differ among species, even under iden 
tical climatic conditions (Helmuth 2002; Broitman et al. 
2009). Moreover, organisms that can modify 
or adjust 
these thermal properties in response to fluctuations in the 
abiotic environment may escape from unfavorable con 
ditions to remain in the range of body temperatures that 
are optimal for performance. 
Long-term adjustments of organismal thermal proper 
ties can occur through adaptive phenotypic plasticity or 
adaptation via selection. The most striking example of such 
an 
adjustment is variation in body coloration in response 
to different thermal environments, as seen in the adaptive 
role of melanin in thermor?gulation by insects (Watt 1968; 
Kingsolver and Huey 1998; Nice and Fordyce 2006) and 
lizards (Clusella-Trullas et al. 2008) and in selection for 
shell color polymorphism in snails (Etter 1988). Other 
examples include phenotypic plasticity in traits such as 
body size and wing size in flies under varying thermal 
regimes (Crill et al. 1996). In contrast, little is known 
regarding adjustments of organismal thermal properties 
that might buffer against environmental fluctuations 
oc 
curring 
over short timescales (i.e., minutes to days). At 
this temporal scale, most studies have focused 
on behav 
ioral thermor?gulation strategies, such 
as microhabitat se 
lection or changing posture relative to solar position 
or a 
warm substrate (May 1979; Garrity 1984; Samietz et al. 
2005). Evapotranspiration is also 
a well-known mechanism 
that lowers the body temperature of ectotherms during a 
short period (Prange 1996; DeNardo et al. 2004). However, 
other potential physiological mechanisms allowing ther 
mor?gulation without relocation to another microhabitat 
have been generally overlooked. 
In ectotherms, body temperature change depends sig 
nificantly on the thermal inertia of the organism. Thermal 
inertia can be defined physically by the time constant of 
heating or cooling that describes the time lag for an or 
ganism to reach equilibrium body temperature after 
a 
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change in environmental conditions (Monteith and Uns 
worth 2008). Thermal inertia is influenced by the mass, 
specific heat capacity, and thermal conductivity of the or 
ganism. Animals and plants with a larger mass, or those 
composed of tissues with a high specific heat capacity, take 
much longer to heat 
or cool compared to less massive 
organisms or those whose tissues have a low specific heat 
capacity. For example, although large intertidal mussels in 
a constant environment may ultimately reach higher body 
temperature than small mussels, they 
are buffered against 
rapid environmental changes because they have a higher 
thermal inertia (Helmuth 1998). A higher thermal inertia, 
therefore, appears to be an advantage in 
an environment 
with large and rapid temperature fluctuations. Neverthe 
less, to our knowledge, the only examples of organisms 
actively adjusting thermal inertia to escape from short 
term occurrence of extreme body temperatures are found 
in reptiles. Some turtles can adjust their internal circu 
lation to minimize the heating rate (i.e., augment the time 
constant) so that they maximize the time available for 
foraging when exposed to the sun and heat stress (Bakken 
and Gates 1975; Seebacher and Franklin 2005). Here, we 
tested the ability of an intertidal sea star to lower its body 
temperature by adjusting its thermal inertia in response 
to unfavorable conditions. 
Large and rapid temperature fluctuations are common 
in intertidal ecosystems, where organisms are alternatively 
exposed to marine and terrestrial environments during 
tidal cycles. The physiological ecology of intertidal organ 
isms is influenced strongly by water temperature during 
high tide as well as body temperature while exposed to air 
during low tide (Sanford 1999, 2002; Helmuth et al. 2006; 
Pincebourde et al. 2008). Little is known, however, about 
the physical interplay between underwater and aerial body 
temperatures in intertidal organisms (but see modeling 
results in Wethey 2002 and Gilman et al. 2006). 
We investigated the sensitivity of aerial body tempera 
ture 
(Tbody) 
at low tide to changes in water temperature 
( Tw) experienced at high tide in the ochre sea star Pisaster 
ochraceus, a keystone predator in rocky intertidal com 
munities along the Pacific Coast of North America (Paine 
1966). Given the ecological importance of this predator, 
the thermal ecology of P. ochraceus may have consequences 
for the dynamics and structure of intertidal communities 
(Sanford 1999; Burnaford and Vasquez 2008; Pincebourde 
et al. 2008; Robles et al. 2009). Sea stars have a spacious 
coelomic cavity that extends into each 
arm and can hold 
substantial fluid that is composed largely of seawater (Fer 
guson 1992). On average, coelomic fluid constitutes 30% 
of the wet body 
mass of P. ochraceus (Pincebourde et al. 
2008; S. Pincebourde, unpublished data). We hypothesized 
that this coelomic fluid may buffer, at least partially, rapid 
increases in a sea star's 
Tbody during 
low tide by effectively 
increasing thermal inertia. 
Material and Methods 
Study Location and Temperature Patterns 
Pisaster ochraceus was collected in May 2007 from a single 
site near the Bodega Marine Reserve in Bodega Bay, Cal 
ifornia, where this sea star is common in the low- and 
midintertidal zones. Daily maximal Tbody 
for this sea star 
ranges from about 10? to 28?C throughout spring and 
summer, and extreme Tbody (28?C) 
can be reached any time 
during this period (Pincebourde et al. 2008). Therefore, 
sea stars used in this study likely experienced such ex 
tremes before collection. At this location, water temper 
ature typically varies between 10? and 16?C in spring and 
summer (Bodega Ocean Observing Node; http://bm.lsc 
.ucdavis.edu/boon/). All laboratory trials 
were conducted 
at the Bodega Marine Laboratory. 
The Experimental Setup 
The experimental setup enabled us to fully control both 
Tw during high tide and Tbody of sea stars during low tide 
(fig. Al in the online edition of the American Naturalist). 
A tidal cycle was simulated in 27 identical aquariums (75 
L) by alternating periods with aquariums full and nearly 
empty of water. The low tide was set 50 min later on each 
subsequent day to mimic the natural tidal rhythm. Sea 
stars were aerially exposed daily for 6 h, which corresponds 
to a realistic emersion period for low- to midintertidal 
organisms in this region. No food was provided to the sea 
stars. 
To place all animals in a similar physiological condition, 
sea stars were acclimated in the aquariums for 8 days 
before the start of each experiment at Tw of 13?C and Tbody 
of 13?-15?C during daily low tides. In all experiments, an 
electronic scale was used to record wet-mass changes of 
animals (to the nearest 0.1 g), as 
an indirect measurement 
of variation in fluid volume. Controls further confirmed 
that any loss in dry body mass over a period of about 15 
days without food was negligible compared to the varia 
tions in wet body mass that we observed (see "Results"). 
A separate set of sea stars was used for each of the two 
experiments. Wet body mass (mean ? SD) of sea stars 
was 169.8 ? 32.1 g and 197.3 ? 35.3 g at the start of ex 
periments 1 and 2, respectively. 
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Experiment 1: Relationships among Tw, Tbody, 
and Wet Body Mass 
This experiment tested two hypotheses: first, that exposure 
to cooler Tw at high tide buffers against Tbody 
increases 
during the subsequent low tide and, second, that 
sea stars 
experiencing warmer Tbody during 
low tide increase the 
volume of coelomic fluid during the subsequent high tide, 
resulting in increased thermal inertia. Twenty-four aquar 
iums, each containing a single 
sea star, were assigned to 
one of three Tw treatments: 10?, 13?, and 16?C (n 
= 8 
aquariums per treatment). Each aquarium 
was an inde 
pendent replicate (water 
was not recirculated among rep 
licates) and was equipped with its own heat lamp (app. A 
in the online edition of the American Naturalist). Both the 
height and the angle of heat lamps relative to animal bodies 
were 
exactly the 
same in all aquariums for each low tide. 
This fixed setting was determined as the heat lamp position 
needed so that sea stars in the Tw treatment 16?C would 
reach Tbody of about 27?C during the first low tide (27?C 
is an extreme 
Tbody 
found regularly at the study site and 
is well below the lethal body temperature threshold of 
35?C; Pincebourde et al. 2008). The Tbody 
was measured 
every 30 min, and here we report the maximal values that 
were obtained by the end of the 6-h low-tide period. The 
"body temperature excess" of 
sea stars was calculated as 
an indicator of Tbody sensitivity to aerial conditions during 
low tide. This metric was defined as the difference between 
Tbody 
and ambient temperature in the aquariums, such that 
a positive body temperature 
excess indicated that 
Tbody 
was 
higher than ambient temperature. In addition to aquari 
ums in the three treatments, a single aquarium containing 
four sea stars was assigned to each Tw (10?, 13?, and 16?C). 
In these control aquariums, individuals 
were left under 
water all the time (i.e., no low tide) to test whether the 
variation in wet body mass was caused directly by Tw in 
the absence of any aerial exposure. This experiment lasted 
6 days. Wet body 
mass of all sea stars was measured at 
the end of each 18-h period of submergence (i.e., right 
before each low tide). Wet body mass was also measured 
at both the start and the end of the last low tide, to estimate 
the amount of water lost through ?vapotranspiration dur 
ing a single period of aerial exposure. 
Experiment 2: Effect of Aerial Exposure on Wet Body Mass 
This second experiment manipulated Tbody directly, 
to pro 




low tide increase the 
volume of coelomic fluid during the subsequent high tide. 
In addition, this experiment tested the hypothesis that 
coelomic fluid volume returns to initial levels when sea 
stars are no longer exposed 
to warm aerial conditions. 
Eighteen aquariums, each containing 
a single sea star, 
were 
assigned to one of two Tbody 
treatments: 16? and 26?C 
(n 
= 9 aquariums per treatment). The Tw 
was 10?C in all 
aquariums. These temperatures were applied daily for 6 
days. Then, all sea stars were held at Tbod 16?C during 
low tides for 3 days to test whether wet body mass changed 
after the cessation of warm aerial conditions. A single 
aquarium containing five 
sea stars left underwater contin 
uously at 10?C served as a control. Wet body mass of all 
sea stars was measured immediately before each low tide. 
Statistical Analysis 
Response variables ( Tbody 
and wet mass) were recorded in 
the same sea stars on sequential days, and thus repeated 
measures analyses were used to account for the correlation 
among dates within individuals. In general, repeated 
measures data can be analyzed using either 
a univariate 
(repeated-measures ANOVA, RM-ANOVA) or a multi 
variate (MANOVA) approach (von Ende 1993; Zar 1999, 
p. 259). Although more powerful, the use of RM-ANOVA 
requires that the data exhibit sphericity (i.e., homogeneity 
in the variance of the differences between all possible pairs 
of repeated measures). When this condition is not satisfied, 
F statistics for the within-subject factor (i.e., time) are 
inflated, and it is necessary to either alter the degrees of 
freedom in the univariate analysis by using the Huynh 
Feldt adjustment (thereby generating 
a more conservative 
P value for a given F ratio) or 
use the multivariate ap 
proach that is insensitive to the sphericity assumption (von 
Ende 1993; Zar 1999). In the latter case, the response 
variable for each level of the within-subject factor (e.g., 
wet mass recorded on each date) is treated as a separate 
dependent variable within the MANOVA model (von Ende 
1993). 
Four separate RM-ANOVAs were used to examine three 
response variables in experiment 1 ( Tbody, body tempera 
ture excess, and cumulative change in wet mass) and 
one 
response in experiment 2 (cumulative change in wet mass). 
In each case, temperature treatment was the between 
subjects factor (Tw in experiment 1 and Tbody in experiment 
2), individual sea stars were the subjects within each treat 
ment, and time (consecutive sampling days) was the 
within-subject factor. The controls with 
sea stars sub 
merged continuously 
were not included in these analyses. 
Multiple sea stars were maintained in the 
same 
aquarium 
because of limitations in the number of aquariums avail 
able, and thus these individuals cannot be treated as in 
dependent replicates. Therefore, mean values from unrep 
licated control aquariums are presented graphically for 
reference only. For each RM-ANOVA, the assumption of 
sphericity was tested with Mauchly's test (von Ende 1993). 
The assumption of sphericity was satisfied for analyses of 
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Tbody and body temperature excess but not for analyses of 
cumulative wet-mass change. In these latter cases, results 
of the RM-ANOVA are presented with more conservative 
Huynh-Feldt-adjusted P values (along with MANO VA re 
sults for comparison). 
In experiment 1, Pearson's correlation was also used to 
estimate the strength of the relationship between body 
temperature excess and wet body mass change. Within 
each time period of experiment 2, separate f-tests were 
used to test for differences in response variables between 
the two treatments. In these f-tests, significance 
was eval 
uated using a Bonferroni-adjusted probability of Type I 
error to account for multiple comparisons across the nine 
dates (a = 0.05/10 = 0.005). All statistical analyses were 
done using SYSTAT 10 (SYSTAT Software, Richmond, CA). 
Results 
Experiment 1: Relationship among Tw, Tbody, 
and Wet Body Mass 
Consistent with our hypothesis, exposure to cooler water 
temperature ( Tw) during high tide led to lower Tbody during 
the subsequent low tide (fig. 1A; RM-ANOVA, Tw treat 
ment: F2>21 
= 
188.74, P< .0001; app. B in the online edi 
tion of the American Naturalist). This occurred despite the 
fact that sea stars experienced exactly the same daily aerial 
microclimatic conditions in all aquariums. 
Ambient temperature within aquariums at low tide var 
ied slightly throughout the experimental period because 
of the influence of external weather on room temperature 
(fig. 1A). We therefore calculated the difference between 
Tbody 
and ambient temperature within aquariums to esti 
mate the temporal dynamic of the body temperature excess 
(i.e., the degrees by which body temperature exceeded am 
bient air temperature). Body temperature excess differed 
among treatments and was greatest in sea stars that ex 
perienced high Tw (fig. 1JB; RM-ANOVA, Tw treatment: 
F221 
= 
188.74, P < .0001). However, body temperature 
ex 
cess decreased over the 5 days of low-tide exposure, and 
this decline was most pronounced in the 16?C Tw treatment 
(fig. IB; RM-ANOVA, time x Tw treatment: F884 
= 15.66, 
P< .0001). Body temperature excess during the last low 
tide was, on average, 3.5?, 1.7?, and 0.9?C lower than dur 
ing the first low tide in Tw treatments at 16?, 13?, and 10?C, 
respectively. This reduction suggests that sea stars em 
ployed mechanisms to buffer body temperature excess 
during warm aerial conditions. 
The increase in wet body mass measured at the end of 
each high tide was greater in sea stars held in the warmer 
Tw treatments (fig. 1C; RM-ANOVA, Tw treatment: F221 
= 
21.09, P < .0001). Moreover, the wet body mass of sea stars 
experiencing warmer Tw increased over the course of the 
/-N 291 M 
g 
.? ? B.? 
? 
U 
0 24 48 72 96 120 144 
Time (hours) 
Figure 1: Relationship among water temperature (TJ, aerial body tem 
perature (Tbody), and cumulative wet body 
mass change of sea stars. Sea 
stars were exposed to one of three Tw treatments at high tide, and aerial 
conditions were identical among all tanks during five low-tide periods 
(bars). A, Mean Tbody ( ?SD) of 
sea stars at the end of each low tide is 
given for Tw treatments at 16? (circles), 13? (squares), and 10?C (triangles; 
n = 8 aquariums per treatment). Mean ambient temperature (?SD) in 
aquariums during low tide is also shown (diamonds). B, Mean body 
temperature excess ( ? SD; i.e., aerial body temperature minus ambient 
aquarium temperature) in each Tw treatment. C, Mean cumulative change 
in wet body mass of sea stars ( ? SD) through time in each Tw treatment. 
Mass measurements were all made at the end of each high tide (symbols 
are slightly shifted for clarity). Individuals were left underwater contin 
uously in the controls at Tw 16? (open circles), 13? (open squares), and 
10?C (open triangles; n 
= 1 aquarium per temperature). 
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experiment (fig. 1C; RM-ANOVA, time 
x Tw treatment: 
F884 
= 
4.80, Huynh-Feldt-corrected P 
= 
.0016). Sea stars 
that were constantly submerged at Tw 16?C (control) also 
accumulated more coelomic fluid (up to 5 g on average) 
than controls held at cooler Tw (fig. 1C). However, sea 
stars subjected to daily aerial exposure showed a greater 
increase in wet body mass than those in the respective 
controls (constantly submerged) at all levels of Tw. These 
results indicate that although continuous submergence in 
warmer seawater (Tw 16?C) led to a slight increase in the 
volume of coelomic fluid, the increase was substantially 
greater when exposure to 
warmer seawater was coupled 
with daily exposure to warm aerial conditions. Responses 
associated with aerial exposure were probably driven by 
temperature at low tide rather than desiccation because 
sea stars lost on average only 8.2 ? 3.4 g (i.e., 5% ? 
1.8% of initial wet body mass) during the last low tide of 
the experiment (mean ? SD: 7.3 ? 2.2, 7.8 ? 3.4, and 
9.6 ? 4.2 g in the Tw treatments at 10?, 13?, and 16?C, 
respectively). 
Body temperature excess was closely correlated with cu 
mulative wet body mass change in the 16?C Tw treatment 
(Pearson's coefficient 
= 




40; app. C in the online edition of the American Natu 
ralist). The correlation was also significant, although 




.001, r = 0.5, n = 40), but it was not significant at Tw 
10?C (P = .43). 
Experiment 2: Effect of Aerial Exposure on Wet Body Mass 
Sea stars experiencing warmer Tbody (26? 
vs. 16?C) exhib 
ited a greater increase in wet body mass, further support 
ing our hypothesis (fig. 2; RM-ANOVA, Tbody treatment: 
FlA6 
= 35.36, P< .0001). Wet body mass varied through 
time, but the nature of these changes depended on the 





8.31, Huynh-Feldt-corrected P 
= .0002). Comparisons 
within each time period indicated that the cumulative wet 
mass change in sea stars that experienced Tbody of 26?C for 
six consecutive low tides was greater than in the 16?C Tbody 
treatment for all dates except days 0, 1, and 9 (i-tests for 
each day; Bonferroni-adjusted P < .005). These results in 
dicated that sea stars significantly increased the volume 
of their coelomic fluid after exposure to warm aerial con 
ditions during low tides and that body mass subsequently 
decreased to its initial level about 3 days after the end of 
the exposure period. The mean maximal water uptake, 
obtained after 5 days of exposure, was about 15 g (fig. 2). 
^^TWv260C/160C 
Figure 2: Mean cumulative change in wet body mass ( ? SD) of sea stars 
held on a tidal cycle (high-tide water temperature [Tw] of 10?C for all 
aquariums) with aerial body temperature of 26?C for six low tides (then 
16?C for three low tides) versus 16?C during all low tides (n 
= 9 aquar 
iums per treatment). The control corresponds to sea stars left underwater 
(Tw 10?C) continuously (n 
= 1 aquarium). Filled bars indicate the low 
tide periods with aerial body temperature 26?C in the high aerial body 
temperature treatment, while hatched bars denote low tides with aerial 
body temperature of 16?C. Data points in the control are shifted slightly 
from the two treatments for clarity. 
Discussion 
Thermal environments are quite heterogeneous in both 
time and space. Such heterogeneity imposes constraints 
on organisms because the optimal body temperature range 
for physiological performance is often relatively narrow 
(Huey and Kingsolver 1989; Hochachka and Somero 2002). 
As a result, ectotherms show various thermoregulatory 
strategies to deal with an environment that fluctuates with 
a high frequency. Short-term selection of thermally fa 
vorable microsites is the best-known mechanism docu 
mented in mobile organisms. Large organisms, however, 
can benefit from their high thermal inertia to avoid reach 
ing high body temperature in a warm environment during 
a narrow time window. Some reptiles show the ability to 
exert a cardiovascular control of heat transfer. They de 
crease heating or cooling rates by altering their cardiac 
output and the distribution of blood flow in the body, 
thereby modifying their time constant (Seebacher and 
Franklin 2005). For instance, cool reptiles entering a warm 
environment increase their heart rate to accelerate heat 
convection by blood flow from the periphery to the core 
of the organism, allowing animals to reach their preferred 
body temperature faster. 
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Our results show that the ability to adjust thermal inertia 
in response to environmental change is not restricted to 
reptiles but is also present in an echinoderm Pisaster ochra 
ceus. This sea star species demonstrates 
a remarkable ability 
to modulate its thermal inertia through the use of 
an ex 
ternal element (seawater) within a short-term window 
(i.e., the duration of a single tide cycle). This novel strategy 
is effective because sea stars possess a large, internal, fluid 
filled cavity (coelom) and are routinely surrounded by 
seawater that is cooler than air. Whether this response to 
elevated 
Tbody 
is seen in other asteroid species or other 
intertidal echinoderms with a spacious coelom (e.g., sea 
urchins, sea cucumbers) remains to be determined. In 
terestingly, however, seasonal variation in coelomic fluid 
volume has been observed in at least some other sea stars 
(Pearse 1967; Franz 1986). 
Exposure to high Tbody 
activates a mechanism through 
which P. ochraceus accumulates a greater volume of coe 
lomic fluid, resulting in a lower Tbody during the next low 
tide. Pisaster ochraceus thereby exploits its thermal inertia 
as a means to slow heating during aerial exposure. The 
physiological mechanism underlying the observed adjust 
ments is not yet known. Sea stars possess a madreporite 
(an external, perforated plate located on the aboral surface) 
that opens into a system of canals that extend to the tube 
feet (Ferguson and Walker 1991). The madreporite also 
appears to play 
a role in regulating the volume of coelomic 
fluid (Ferguson 1992). The mean rate of seawater flow 
into the madreporite in this study was 2.34 /xL g"1 h"1 (as 
estimated from the maximal mass of water accumulated 
in a single high tide), which is in agreement with the rates 
of 2.21-2.60 ptL g1 h"1 reported by Ferguson (1992) in 
the same species. The madreporite also seems to partici 
pate in adjusting the volume of coelomic fluid after rapid 
fluid loss because of osmotic changes (Ferguson 1992). 
Pearse (1967) noted seasonal variations in the volume of 
coelomic fluid in a subtidal sea star in Antarctica and 
hypothesized that this volume might be controlled by reg 
ulation of small, osmotically active organic molecules, as 
occurs in some sipunculid worms (Gross 1954). Thermal 
stress is associated with production of metabolites that 
could induce an increase in osmotic pressure within the 
organism (Stillman and Somero 1996), although no data 
are available to address whether similar processes occur 
in sea stars. Osmotic stress also increases during ?vapo 
transpiration when intertidal organisms 
are exposed to 
aerial conditions (Fyhn et al. 1972). The increase in water 
uptake associated with elevated Tbod might be a response 
to high osmotic pressure. Clearly, further investigation is 
needed to reveal the underlying physiological mechanism. 
Intertidal organisms must cope with temperature var 
iations in both marine (high-tide) and terrestrial (low 
tide) environments. Sea stars can experience 
a wide range 
of Tbod during low tide (Pincebourde et al. 2008; Szath 
mary et al. 2009) as well as significant changes in Tw (San 
ford 1999). Our results indicate a tight interdependency 
between aquatic and aerial body temperatures in P. ochra 
ceus. In particular, Tw physically influences maximal Tbody 
by setting temperature at the start of aerial exposure pe 
riods. While aerial microclimatic conditions were strictly 
the same in all aquariums, Tbody 
was about 5?C higher at 
Tw 16? than at 10?C during the first day of exposure in 
experiment 1, suggesting that, when Tw increases from 10? 
to 16?C, the body temperature excess equals about 83% 
of the Tw change. This value is much higher than that for 
small intertidal invertebrates, such as barnacles (20%; 
Wethey 2002) and mussels (45%; Gilman et al. 2006). In 
these other invertebrates, Tw sets Tbody 
at the beginning of 
low tide, and Tbody is also influenced by substrate (rock) 
temperature, which itself depends on Tw because of heat 
storage in the rock ("thermal memory" sensu Gilman et 
al. 2006). Pisaster ochraceus is much larger and heavier 
than a mussel or a barnacle, and it also incorporates much 
more seawater in its coelomic cavity than a mussel holds 
in its mantle cavity (on average, 58 vs. 4 g of water, re 
spectively; Pincebourde et al. 2008), leading to a relatively 
higher thermal inertia. This mechanism obviously serves 
to reduce 
Tbody only 
if Tw is lower than Tbody. 
The ability of P. ochraceus to increase the volume of its 
coelomic fluid after exposure to high Tbody substantially 
ameliorates 
Tbody during subsequent 
low tides. This in 
crease is a direct response to temperature rather than to 
desiccation (app. D in the online edition of the American 
Naturalist). An increase in the volume of coelomic fluid 
probably comes with energetic costs 
or other trade-offs 
(e.g., impaired locomotion) because sea star wet body 
mass 
returned to its basal value when aerial conditions became 
moderate again. This cost might be balanced by the benefit 
of remaining close to prey (mussels) that are more abun 
dant higher on the shore. Indeed, although P. ochraceus is 
quite mobile when submerged, it is completely inactive at 
low tide (Robles et al. 1995). This species can respond 
behaviorally to high aerial temperature during the next 
high tide only, by selecting a cooler resting microhabitat 
(e.g., tide pools or shaded cracks in the rock) or by moving 
down in the intertidal zone, where Tbod is lower but where 
mussels are often not present (Pincebourde et al. 2008; 
Szathmary et al. 2009). The energetic cost of being rela 
tively far from the mussel bed might, however, have im 
posed selection for sea stars to develop novel thermoreg 
ulatory strategies allowing easier access to prey. This study 
reinforces previous findings indicating that P. ochraceus is 
quite tolerant of acute exposure (i.e., a few consecutive 
days of exposure) to elevated aerial temperature, whereas 
more persistent, chronic exposure has strong negative ef 
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fects on feeding and growth rates (Pincebourde et al. 
2008). 
Finally, our results highlight the interactive roles of wa 
ter and aerial temperatures in determining levels of phys 
iological stress experienced by intertidal organisms. The 
efficiency of the thermoregulatory "backup" of sea stars 
is context dependent. Thermor?gulation in P. ochraceus is 
more effective after exposure to cold seawater, and the 
probability of experiencing high aerial body temperatures 
increases when sea temperature is elevated. When placed 
in a global change context, these results suggest that 
a 
continued increase in ocean temperature may compromise 
the ability of sea stars to avoid thermal stress during aerial 
exposure at low tide. 
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Image of sea stars taken with an infrared camera. The sea stars are cooler than their surroundings. (Photograph by Brian Helmuth and Sylvain 
Pincebourde.) 
